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Abstract. The black holes detected by current and future interferometers can have diverse
origins. Their expected mass and spin distributions depend on the specifics of the formation
mechanisms. When a physically motivated prior distribution is used in a Bayesian inference,
the parameters estimated from the gravitational-wave data can change significantly, poten-
tially affecting the physical interpretation of certain gravitational-wave events and their im-
plications on theoretical models. As a case study we analyze primordial black holes, which
might be formed in the early universe and could comprise at least a fraction of the dark
matter. If accretion is not efficient during their cosmic history, primordial black holes are
expected to be almost non-spinning. If accretion is efficient, massive binaries tend to be
symmetrical and highly spinning. We show that incorporating these priors can significantly
change the inferred mass ratio and effective spin of some binary black hole events, especially
those identified as high-mass, asymmetrical, or spinning by a standard analysis using agnostic
priors. The Bayes factors are only mildly affected by the new priors, implying that it is hard
to distinguish whether merger events detected so far are of primordial or astrophysical origin.
In particular, if binaries identified by LIGO/Virgo as asymmetrical (including GW190412)
are of primordial origin, their mass ratio inferred from the data can be compatible with unity.
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1 Introduction
Following the historical breakthrough by the LIGO/Virgo Collaboration (LVC), gravitational-
wave (GW) astronomy is now in full blossom. The LIGO-Virgo interferometers have so far
provided us with at least 13 GW observations of candidate black-hole (BH) binaries [1, 2].
Further events from the third observational run (O3) will be released shortly and many more
are expected in the future. Given the current and upcoming wealth of data, it becomes of
utmost importance to confront specifics of formation models with observations and to infer
the (astro)physical implications. As the number of detections increases, we will soon be in
a position to address important questions like whether the observed binary BH population
has the same origin or multiple formation channels.
One intriguing hypothesis is that (at least a fraction of) the merging BHs are of pri-
mordial origin, i.e., they formed early in the evolution of the universe (see Refs. [3, 4] for
recent reviews). This possibility is also interesting as primordial BHs (PBHs) may comprise
the totality or a fraction of the Dark Matter (DM) in the universe [5–7].
Exploring the primordial origin of GW events has motivated several works on the PBH
formation mechanisms [8–11], merger rates [5, 6, 12–19], confrontation with other astrophys-
ical constraints [20–33], and with current GW data [13, 19, 34–39]. Nonetheless, all previous
studies have adopted the measurements (in particular of the masses and spins of the binary
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BH components and source redshift) obtained by the Bayesian inference that uses conven-
tional agnostic prior distributions for the binary parameters (see Sec. 3 below for details).
It is well-known that a drastically different choice of priors can impact the inferred value of
the parameters (i.e., their posterior distributions). In some cases, different prior assumptions
might significantly change the physical interpretation of GW events [40–42]. Thus, when the
parameters of the observed BHs are used to constrain, calibrate, and test physical models,
the effects of priors on the inference of the parameters need to be quantified.
In this paper, we investigate the impact of the priors under the hypothesis that (at
least some of) the GW events detected so far are of primordial origin. We argue that the
first crucial ingredient to explore any consequence of current and future GW events for the
PBH scenario is to make sure that the values of the parameters inferred from GW data
(in particular BH masses and spins) are not affected by a PBH-motivated (as opposed to
an agnostic) prior. As we shall show, this is indeed the case for several GW events, but
not for all. We find that a PBH-motivated prior on the masses and spins can significantly
affect the parameter estimation, especially the measurement of the binary mass ratio and
effective spin, for those BH binaries identified as being either high-mass, or asymmetrical,
or spinning using the agnostic priors. The underlying reason for this is twofold: i) the
initial mass distribution of PBHs is not uniform across the mass range but depends on the
physical formation mechanism that occurs in the early universe; ii) more importantly, the
natal spin of PBHs is negligible, essentially restricting some of the parameters (most notably
the effective spin χeff) in the waveform model. Unless the accretion is efficient in spinning
up the PBHs during their history (see Sec. 2), a negligible-spin prior strongly affects the
recovered parameters for those binaries identified as spinning by the standard LVC analysis.
In particular, the inference on the mass ratio of the binary BHs are significantly modified to
compensate for the absence of χeff in the waveform and due to the different prior distribution
of the masses. Furthermore, if the PBH accretion is efficient, the binaries made of heavy
PBHs tend to be symmetrical and highly-spinning. This affects the posterior distributions
for those binary BH events which are identified as asymmetrical or non-spinning with agnostic
priors. Overall these effects can have deep consequences for the physical interpretation of
some events, especially for systems like GW190412, which is identified as an asymmetrical,
spinning binary using standard priors [2].
We note that while we focus on the PBH hypothesis as a case study, our results for
the non-accreting case are more general and indeed apply to other scenarios (possibly of
astrophysical or quantum [43] origin) in which the spin of the binary components is expected
to be small.
The rest of this paper is organized as follows. In Sec. 2 we review the PBH mass and
spin distributions that should be consistently adopted if one wishes to investigate the PBH
scenario. Section 3 reviews aspects of the Bayesian parameter estimation and explains our
method. Our results are presented and discussed in Sec. 4, whereas Sec. 5 is devoted to
our conclusions. Appendix A contains some additional results for GW190412, which were
omitted in the main text.
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2 PBH mass and spin distributions
In this section we present a short summary of the main theoretical predictions for the mass
and the spin distributions of PBHs. We will first focus on the scenario where no accretion
is taking place, and then we analyse the consequences of a phase of accretion in the PBH
cosmological evolution. The reader can find additional details in Refs. [37, 39].
2.1 Without accretion
The formation of a significant population of PBHs in the universe has been addressed by
several models in the literature [3]. One of the most promising possibility arises in scenarios
where PBHs are formed from the collapse of sizeable overdensities in the radiation dominated
era [8–11]. The PBH mass distribution at the formation epoch zi is determined by the intrinsic
properties of the collapsing density perturbations, dictated by the inflationary curvature
perturbations, and is usually parametrized by a lognormal distribution,
ψ(M, zi) =
1√
2piσM
exp
(
− log
2(M/Mc)
2σ2
)
, (2.1)
in terms of its width σ and central mass scale Mc. This shape is often introduced to de-
scribe several models and originates when the power spectrum of the curvature perturbations
generated during inflation has a symmetric peak at the small scales giving rise to the large
overdensities needed to generate the PBHs upon horizon re-entry [24, 44]. We use the label
”i” to indicate quantities at formation epoch.
In this common formation scenario, the nearly-spherical shape [45] of the collapsing
perturbations and the small collapsing time in the radiation dominated era implies that the
PBH initial spin χi ≡ |Ji|/M2i should be below the percent level [46, 47]
χi ∼ 10−2
√
1− γ2, (2.2)
expressed as a function of the effective width of the power spectrum γ [46]. For example,
a very peaked curvature perturbation power spectrum leads to a very narrow PBH mass
function and to γ ' 1, thus further suppressing the initial PBH spin.
In the scenario in which PBHs do not undergo a phase of accretion in their cosmological
evolution, their initial mass and spin distributions will be preserved up to the present epoch,
as given by Eqs. (2.1) and (2.2), respectively. They therefore determine the properties of the
population at the time of merger.
2.2 With accretion
Throughout the cosmological history, there may be periods in which baryonic mass accretion
affects PBHs in binary systems, impacting their mass function [48–50] and spins [37, 39, 51].
This happens for binaries with mass Mtot & O(10)M, for which the binary as a whole
attracts the surrounding gas as long as its typical size is smaller than its corresponding Bondi
radius [37, 39]. In this situation, both the PBHs accrete baryonic particles, with individual
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rates determined by their orbital velocities and their masses. The individual accretion rates
are given in terms of the binary mass ratio q ≡M2/M1 ≤ 1 as
M˙1 = M˙bin
1√
2(1 + q)
, M˙2 = M˙bin
√
q√
2(1 + q)
, (2.3)
as a function of the Bondi-Hoyle mass accretion rate for the binary system
M˙bin = 4piλmHngasv
−3
eff M
2
tot. (2.4)
The latter is driven by the total mass Mtot = M1 +M2 and depends on the binary effective
velocity veff relative to the baryons with cosmic mean density ngas and the hydrogen mass
mH . The effects of the Hubble expansion, the gas viscosity, and the coupling of the CMB
radiation to the gas through Compton scattering are tracked by the accretion parameter
λ, whose explicit expression can be found in Ref. [48]. The observational constraints on
the fraction of PBHs as DM, for masses larger than O(M), imply that a secondary DM-
component halo should form around the isolated or binary PBHs [49, 52, 53]. Its main effect
is to catalyze the gas accretion rate and is usually tracked into the accretion parameter λ
(details are provided in App. B of Ref. [37] and references therein).
We draw the reader’s attention to the fact that the accretion phase depends on the
complex phenomena related to the local, global [22, 49] and mechanical [54] feedbacks, X-ray
pre-heating [55] and the formation of structures [12, 56, 57]. Overall, these effects can make
the accretion much less efficient at a relatively small redshift. We have decided to parametrize
these uncertainties into a cut-off redshift zcut-off below which accretion is negligible [37, 39],
with representative values zcut-off = {15, 10, 7}. A smaller cut-off redshift is associated to a
prolonged accretion phase.
The PBH evolution is strongly affected by accretion in several aspects:
1. it induces a change of the PBH mass function according to the equation
ψ(M(Mi, z), z)dM = ψ(Mi, zi)dMi, (2.5)
where M(Mi, z) is the final mass at redshift z for a PBH with mass Mi at redshift zi.
The evolved mass distribution is broader at higher masses and has a high-mass tail
that is orders of magnitude larger than its corresponding value at formation [37];
2. it modifies the fraction of PBHs in the DM depending on the redshift with important
consequences when confronting the existing constraints with the physical parameters,
see Ref. [32] for details;
3. it pushes the mass ratio towards unity as q˙/q = (M˙2/M2 − M˙1/M1) > 0, since the
secondary binary component always inherits a larger accretion;
4. it influences the PBH spin evolution. Indeed, the geometry of the accretion process and
the PBH spins may be crucially impacted by the angular momentum that the infalling
gas particles carry [51]. In particular, the formation of a thin accretion disk [49, 58, 59]
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leads to an efficient angular momentum transfer, with the consequent growth of the
PBH spins with mass accretion as
χ˙ = g(χ)
M˙
M
, (2.6)
in terms of a function g(χ) of the dimensionless Kerr parameter (see Refs. [39, 60–62]),
until it reaches the limit χmax = 0.998 dictated by radiation effects [63, 64]. The larger
accretion rates inherited by the secondary component of the binary results into a larger
growth of its spin with respect to the one of the primary component.
2.3 Physically-motivated distributions of the PBH binary parameters
The conventional way of inferring the physical parameters of a GW model and their un-
certainties is using a Bayesian inference setup, which relies on combining prior expectations
of the parameter values with the likelihood from the observation to obtain a posterior dis-
tribution for the parameters (see Sec. 3 for details). In this section, we discuss the prior
distributions on the relevant binary BH parameters under the hypothesis that GW events
are of primordial origin.
Due to the lack of a preferred specific set of parameters for the PBH mass function, we
make the assumption that all the BH coalescences detected so far are of primordial origin
and determine the phenomenological values of Mc and σ in Eq. (2.1) which best-fit the data
by performing a χ2-analysis [39]. Such values can be taken as the starting point of our study.
When performing the analysis to find the best model for the distribution of PBH mass and
spin, we used the LVC data, which adopted non-informative priors (see Sec. 3 for details).
Anticipating some results discussed later on, we find that some of the posterior distributions
are affected by the choice of PBH-motivated priors, which in turn can potentially modify the
best-fit mass function. However, as shown in Fig. 1, we have checked that the best-fit values
are stable with respect to the changes induced by re-analyzing each individual events with
the PBH-motivated priors discussed in the rest of this work. This shows that our procedure
is consistent. The resulting observable distributions described in Ref. [39] are not affected by
the PBH-motivated choice of priors. Notice also that, since the selected values of fPBH are
below 10−2, the role of PBH clustering can be neglected [65].
After fixing the PBH model parameters with the values calibrated using the data, we
now discuss the expected distributions of the physical GW observables. The easiest parameter
that can be extracted from a binary BH coalescence waveform is its chirp mass,
Mchirp =
(M1M2)
3/5
(M1 +M2)1/5
, (2.7)
which affects the leading-order Newtonian GW phase [66]. The first post-Newtonian correc-
tion includes the mass ratio q, whereas spin-angular momentum couplings enter to next-to-
the-leading order, mainly through the binary’s effective spin parameter,
χeff ≡ χ1 cos θ1 + qχ2 cos θ2
1 + q
, (2.8)
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Figure 1. χ2-analysis using binary parameters (masses and source redshift) obtained with both
the standard (flat) priors used by the LVC analysis and the PBH-motivated priors discussed in the
following (for the case of no accretion, see Table 4). The estimation of Mc and σ is only mildly
affected by the different choices of the priors. Here fPBH is the fraction of PBHs in DM, see Ref. [39]
for details.
in terms of the individual BH spins χj (j = 1, 2), and the angles θ1 and θ2 between the
orbital angular momentum and the individual spin vectors. In the PBH scenario, we expect
the spin vectors to be uniformly distributed on the two-sphere.
In Fig. 2, we show the distributions for the binary BH parameters at the formation,
which coincide with the priors relevant for the parameter estimation in the case without
accretion (or when accretion is inefficient). With the procedure previously outlined, the χ2-
analysis using data from the O1-O2 runs as well as GW190412 selects the values Mc = 18M
and σ = 0.55 for the initial mass function parameters [39]. The chirp mass distribution is
peaked around the central scale of the PBH mass function, with a rapid fall-off at higher
masses, while the distribution of the mass ratio is quite broad. Moreover, due to the fact that
the PBH spins are negligible at formation, the distribution of the effective spin parameter is
very narrow around its central value χeff ∼ 0. For a reference, in this and following plots we
have superimposed the corresponding values for the GW events analyzed in this paper, see
Table 4 for details.
In Fig. 3 we show the priors distributions for the binary BH parameters for the case
with accretion, assuming cut-off redshifts zcut-off = {15, 10, 7}. One can see that the chirp
mass distribution gets narrower with respect to the case without accretion. The mass scale
at which the distribution peaks is determined by two competitive effects: i) the selection of
the best-fit Mc for the initial PBH mass function which, as accretion lasts longer, peaks at
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Figure 2. Prior distributions for the quantities Mchirp, q, χj (j = 1, 2) and χeff, respectively, for the
case of PBH binaries with no accretion. The best-fit values for the PBH mass function (Eq. (2.1))
are Mc = 18M and σ = 0.55 [39]. For illustrative purposes, we show also the central values for
the events analysed in the following (but obtained with the standard agnostic priors). Here we are
showing the chirp mass values and distribution in the source-frame.
smaller values; ii) the effect of the mass evolution which pushes the distribution to higher
masses. Furthermore, as discussed above, the mass ratio distribution is skewed towards
the fixed point q = 1 due to the accretion effects onto the binary BHs. Looking at the
individual spin distributions one can appreciate that, as accretion takes place, they are also
pushed towards unity, with the lighter binary component always spinning faster than the
heavier one due to the characteristic behaviour of the individual mass accretion rates [39].
Furthermore, since accretion is inefficient for small masses and very efficient above a certain
mass threshold, the marginalized spin distribution is bimodal with a peak at χ1,2 ≈ 0 and
another (smaller) peak towards extremality, which is anyway less relevant unless accretion
is very strong. Finally, the spread of the marginalized distribution of χeff around its central
(zero) value does not change monotonically as a function of the accretion. Generically,
for very strong accretion (zcut-off . 7) the distribution tends to become broader. However,
intermediate cases (zcut-off ≈ 10) are more involved, for example the marginalized distribution
of χeff for zcut-off = 10 is narrower than that for zcut-off = 15 for which accretion is less relevant.
The reason can be understood by looking at the individual spin distributions. Due to the
aforementioned bimodal shape, it is more likely to obtain intermediate values of χ1,2 (and
hence a broader distribution of χeff) for zcut-off = 15 than for zcut-off = 10.
We stress that the spin distributions shown in Fig. 3 are marginalized over the masses.
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Figure 3. Same as Fig. 2 for the case with accretion and zcut-off = {15, 10, 7}, where the PBH mass
function is characterised by the set of parameters Mc = 14.1M and σ = 0.32, Mc = 8.7M and
σ = 0.29, Mc = 7.3M and σ = 0.15, respectively [39]. As the priors have correlations between
variables, the distribution shown for each individual observable is built by marginalising over all the
remaining quantities.
Indeed, an additional crucial difference between the priors without and with accretion lies
in the correlation between different parameters. In an accreting system, the masses and
the spins of the components are intertwined, leading to a strong correlation between large
chirp masses and high values of the spins. A similar, less pronounced, correlation is present
between large spins (and hence a wide spread of the χeff) and q ∼ 1. In brief, in the accreting
PBH scenario high-mass binaries tend to be symmetrical and to have large spins (and hence
a broad distribution of χeff [32, 39]). This is shown in Fig. 4, a comprehensive plot to which
we shall often refer to when interpreting the results of the parameter estimation in Sec. 4.
3 Parameter estimation for coalescing BH binaries
Bayesian parameter estimation is the conventional technique used to determine the posterior
distributions p(ϑ|D,M) of parameters ϑ in a model M from the observed data D. A key
feature of this framework is that it folds in the expectations of distribution of the parameter
values via a probability density function called the prior, Π = P(ϑ|M). The observation
itself contributes to the inferred posterior distribution via a likelihood function P(D|ϑ,M).
The Bayes theorem states that the posterior probability density function P(ϑ|D,M) for the
– 8 –
Figure 4. Prior distributions as in Fig. 3 in the plane (Mchirp, q), (Mchirp, χeff), (Mchirp, χj) respec-
tively, to show the correlation between quantities. In particular, a strong positive correlation between
chirp mass and individual spins is observed, which is also inherited by χeff. White color identifies
regions with negligible values of the PDF.
parameters ϑ is given by [67]
P(ϑ|D,M) = P(ϑ|M)P(D|ϑ,M)
Z
, (3.1)
where D =M +N , N is the noise, and the normalizing factor Z = P(D|M) is called the
evidence. Assuming the noise model is Gaussian and stationary, the likelihood function can
be expressed as
L = P(D|ϑ,M) ∝ e− 12 〈N |N 〉 = e− 12 〈D−M|D−M〉, (3.2)
where 〈.|.〉 denotes the weighted inner product. For our case, M is the frequency-domain
binary BH gravitational waveform h˜(f), D is the output of the GW interferometers expressed
in the frequency domain. Further,
〈M|D〉 =
∫ ∞
0
df
h˜(f)
∗ × D˜(f)
Sn(f)
, (3.3)
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where Sn(f) is the power spectral density (PSD) of the instrument.
While the likelihood reflects the tendency of the data, the prior P(ϑ|M) encapsulates
our expectations and is a choice that is made in the inference. Furthermore, the evidence Z
associated with the different choices of priors quantifies which of the prior choices is favoured
by the observed data. The evidence is obtained by completely marginalizing the posterior
and can be written as
Z = P(D|M) =
∫
dϑL(D|ϑ)×Π(ϑ) . (3.4)
The evidence takes into account the goodness of fit of the data with the model of the signal
through the L(D|ϑ) and the volume of the prior space Π(ϑ), thereby penalizing over-fitting.
From a given data, if the inference is made using two or more models of the signal or the prior
distributions, then the ratios of the evidences known as the Bayes factor is used to compare
the performance of these assumptions. Note that this interpretation inherently assumes that
each of the prior distribution is equally likely before conducting the experiment.
3.1 Details of the parameter estimation setup
We use the open science data for the binary BH coalescences as outlined in Ref. [68], us-
ing data from the two LIGO interferometers. We use the BILBY Bayesian inference li-
brary [68, 69] to perform full Bayesian parameter estimations and infer all the 15 parameters
of the GW coalescence waveform model, namely the detector-frame masses (M1, M2), the
dimensionless spins magnitudes (χ1, χ2) of the BHs, 4 angle variables (θ1,2, δφ, δJL) that de-
scribe the BH spin directions, the inclination angle (ι), the polarization angle (ψ), the phase
at coalescence (φc), the time of coalescence (tc), the right ascension (α), the declination (δ)
and the luminosity distance (dL). We use a dynamic nested sampler implementation called
DYNESTY [70–72] within the BILBY package. The sampler is run with 1000 live points and
100 walks to produce the posterior distribution presented in Sec. 4.
For all the cases, including GW190412, we use only the dominant l = m = 2 harmonic
for the analysis. This is sufficient for our purposes as it is demonstrated in [73] that the inclu-
sion of higher harmonics does not change the inferred parameter values for GW190412 (the
most asymmetric binary BH system included in this analysis) significantly. IMRPhenomPv2
frequency domain waveform implementation from LALSuite [74] is used for the likelihood
computations. The PSD of the detectors is calculated from the data using the GWpy package
[75, 76]. A median value of PSD is used for the computation of the likelihood.
Parameter estimation is carried out for all the 15 binary BH parameters but we present
only the relevant parameters in view of clarity. As explained in the previous section, the
assumption of BHs having a primordial origin modifies the priors on the masses and spin
magnitudes of the BHs. The implementation of these priors in the parameter estimation
setup is described in Secs. 3.2, and 3.3. For all other parameters, we choose the standard
non-informative priors as summarized in Table 1.
3.2 Parameter estimation with PBH-motivated priors: non-accreting case
If accretion during the cosmological evolution of PBHs is not efficient, their masses and
spins are those at formation. As previously discussed, for the former we use the log-normal
– 10 –
Parameter Prior
θi,j Sin prior in [0, pi]
δφ Uniform prior in [0, 2pi]
δJL Uniform prior in [0, 2pi]
tc Uniform prior around the event trigger time
φc Uniform in [0, 2pi]
α Uniform prior in [0, 2pi]
δ Cosine prior in [−pi/2, pi/2]
dL Power law prior in [50, 2000] Mpc
ι Sin prior in [0, pi]
ψ Uniform in [0, 2pi]
Table 1. List of the standard, non-informative priors we use for 11 (out of 15) waveform parameters.
The PBH-motivated priors on the BH masses and spins are summarized in Table 2.
PBH-motivated priors (no accretion) Standard (LVC) Priors
M1 Lognormal with Mc = 18M and σ = 0.55 Uniform, M1 ∈ [3, 30]M
M2 Lognormal with Mc = 18M and σ = 0.55 Uniform, M2 ∈ [3, 30]M
χ1 Gaussian with µ = 0.005 and σ = 0.002 Uniform, χ1 ∈ [0, 0.99]
χ2 Gaussian with µ = 0.005 and σ = 0.002 Uniform, χ2 ∈ [0, 0.99]
Table 2. Summary of the standard priors adopted by the LVC analysis and those motivated by a
PBH scenario without accretion for the binary masses and spin. The lognormal distribution for the
PBH masses is defined in Eq. (2.1), whereas we approximate the spin distribution by a Gaussian with
central value µ and spread σ.
distribution given in Eq. (2.1) with parameters Mc and σ obtained by a population-driven
analysis as discussed in Sec. 2.3, assuming all O1+O2+GW190412 events detected so far
are of primordial origin [39]. The real distribution for the spins is complicated [46] and we
approximate it by a Gaussian with central value µ = 0.005 and standard deviation σ = 0.002.
In our analysis, we have checked that the specific form of the distribution is irrelevant as long
as it only has effective support for χ1,2 . 0.01, as predicted by the formation scenario [46].
A comparison between the PBH-motivated priors and the agnostic ones adopted by the LVC
analysis is presented in Table 2. Finally, since the spin orientations are unknown in most
scenarios, in all cases we assume that the spin vectors are isotropically distributed.
3.3 Parameter estimation with PBH-motivated priors: accreting case
As discussed in Sec. 2.2, if accretion is relevant during the cosmological evolution of the
PBHs, the masses and the spins of the BHs evolve. As a consequence, the distributions of
the masses and the spins of the BHs observed by the detectors are correlated when the binary
BH enters the LIGO-Virgo band.
When accretion is significant, one would ideally need to implement a conditional pri-
ors. In other words, unlike the cases of non-accreting PBH priors or agnostic priors, the
– 11 –
Parameter zcut-off = 7 zcut-off = 10 zcut-off = 15
M1
Mc = 15.78M
σ = 0.109
Mc = 17.03M
σ = 0.138
Mc = 17.56M
σ = 0.152
M2
Mc = 14.122M
σ = 0.109
Mc = 13.31M
σ = 0.138
Mc = 13.197M
σ = 0.152
Table 3. Parameters of the lognormal prior distribution for PBH masses M1 and M2 with significant
accretion for the representative cases zcut-off = 7, 10 and 15.
prior distribution Ψ = Ψ(M1,M2, χ1, χ2) for accreting PBHs cannot be factorized as Ψ =
Ψa(M1)Ψb(M2)Ψc(χ1)Ψd(χ2).
However, the practical implementation of conditional priors is challenging and involves
handling multi-dimensional interpolated prior functions. Most nested samplers implementa-
tion involve taking the inverse cumulative distribution function of the prior distribution and
this can be complicated for a generic parameter correlation. This is especially a problem
if the multidimensional priors have sharp features, which is our case in some parts of the
parameter space. Finally, the distribution Ψ(M1,M2, χ1, χ2) is not known in an analytical
form and have to be tabulated numerically.
To overcome these difficulties, in the case of accreting PBHs we have adopted the
following approximate procedure. For a given accretion cut-off zcut-off, we build a Monte
Carlo simulation of the PBH population, from which we measure the exact mass function in
tabulated form. The latter is independent of the values of the spins and of other parameters.
Then, we approximate the numerical mass function with the log-normal distribution given
in Eq. (2.1), with parameters Mc and σ obtained by fitting (see Table 3).
To construct manageable spin priors in a factorized form, for each event, we accounted
for the correlation of χ1,2 with the masses by building their approximate distribution consid-
ering only the events in the simulation constrained to have Mchirp within the corresponding
GW event chirp mass 90% C.I. (as inferred with standard priors). We expect this to be
accurate since the chirp mass, when performing the parameter estimation, does not correlate
strongly with other parameters and is indeed much less sensitive to the choice of different
priors. Thus, our approximation should be valid as long as the value of Mchirp inferred by
using PBH-motivated priors does not differ significantly from that inferred by using agnostic
priors, as can be checked a posteriori. The spin priors obtained through this procedure are
shown in Fig. 5 for the representative case of GW190412. We use these numerical tabulated
priors in our analysis of the accreting PBH scenario.
4 Results
In this section we present the results of the parameter estimation for some representative
GW events by implementing the PBH-motivated priors discussed in Sec. 2 in the BILBY
infrastructure [68, 69] and performing the analyses presented in Sec. 3. We discuss the
scenarios with and without accretion separately.
– 12 –
0.0 0.2 0.4 0.6 0.8 1.0
10-5
10-4
10-3
10-2
10-1
100
101
0.0 0.2 0.4 0.6 0.8 1.0
10-5
10-4
10-3
10-2
10-1
100
101
Figure 5. Prior distributions for PBH spins, for GW190412 parameter estimation, with significant
accretion for zcut-off = 7, 10, 15.
4.1 Without accretion
We divide the events thus far detected by the LVC [1, 2] into 4 categories and study one
event in each category for the case of priors corresponding to PBHs without accretion as well
as for the standard agnostic priors. In particular, we consider (see Table 4):
1. GW150914 [77], as representative for moderate mass, symmetrical, binary BH systems;
2. GW170608 [78], as representative for low mass, symmetrical, binary BH systems;
3. GW170729 [1], as representative for moderate mass, asymmetrical, binary BH systems;
4. GW190412 [2], as representative for low mass, asymmetrical, binary BH systems.
We distinguish between low-mass and moderate-mass binaries (depending on whether M1,2 .
20M), between symmetrical and asymmetrical systems (depending on whether q is com-
patible with unity, at least marginally within the errors, or not), and between non-spinning
and spinning binaries (depending on whether the posterior distribution of χeff is compatible
with zero or not). We stress that these parameters refer to the original ones obtained with
the standard priors on the masses and the spins adopted by the LVC (see Table 2). Further,
since GW150914 was a very loud detection, we also study GW170818 to better understand
the effect of the priors for a less loud event belonging to the first category.
The results of the Bayesian inference for these systems performed by implementing the
priors in Table 2 within the BILBY infrastructure are presented below. Figure 6 shows
a corner plot with relevant parameters for GW150914, which is the prototypical example
of a moderate-mass, symmetrical binary with a high signal-to-noise ratio [77]. In the case
of the standard priors, we recover the LVC results for the posterior distributions of the
parameters (green curves). With the PBH-motivated priors without accretion (magenta
curves), the effective spin is assumed to be essentially zero, so its posterior simply reflects
the very narrow prior. In turn, this provides a slightly better measurement of the chirp mass,
since the dimensionality of the waveform parameter space is effectively reduced. However,
in the case of GW150914 the chirp mass is only mildly affected by the different choice of
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GW150914 GW170818 GW170608 GW170729 GW190412
Moderate mass,
Symmetrical,
Non-spinning
Moderate mass,
Symmetrical,
Non-spinning
Low mass,
Symmetrical,
Non-spinning
Moderate mass,
Asymmetrical,
Spinning (?)
Low mass,
Asymmetrical,
Spinning
Parameter Prior
Mchirp
Standard
PBH
30.63+1.40−1.48
31.15+0.45−0.47
32.45+2.63−2.64
32.78+0.69−0.94
8.50+0.03−0.03
8.47+0.01−0.01
50.54+8.64−8.96
41.47+3.01−3.16
15.21+0.28−0.27
15.12+0.16−0.27
M1
Standard
PBH
34.66+4.77−2.66
35.43+4.12−2.55
35.15+8.87−5.37
34.31+7.75−4.61
11.49+4.02−2.02
9.53+0.80−0.48
58.61+14.88−11.97
56.06+11.15−12.07
28.90+5.15−5.24
18.87+3.26−3.37
M2
Standard
PBH
29.86+2.87−4.19
30.40+2.87−4.19
25.30+5.17−5.99
26.18+4.42−5.54
7.35+1.43−1.71
8.65+0.45−0.68
35.79+13.58−11.97
26.5+8.98−5.89
8.40+1.65−1.04
11.98+2.57−1.78
q
Standard
PBH
0.86+0.12−0.20
0.86+0.12−0.17
0.72+0.25−0.27
0.77+0.21−0.26
0.64+0.28−0.28
0.91+0.08−0.13
0.6+0.35−0.24
0.47+0.32−0.14
0.29+0.13−0.07
0.63+0.30−0.16
χeff
Standard
PBH
−0.06+0.10−0.13
0.00+0.00−0.00
−0.05+0.19−0.22
0.00+0.00−0.00
0.06+0.14−0.05
0.00+0.00−0.00
0.29+0.22−0.27
0.00+0.01−0.01
0.22+0.09−0.11
0.00+0.00−0.00
z
Standard
PBH
0.10+0.03−0.04
0.09+0.03−0.04
0.26+0.09−0.10
0.26+0.09−0.11
0.07+0.02−0.02
0.07+0.03−0.03
0.29+0.07−0.13
0.26+0.09−0.13
0.17+0.03−0.06
0.17+0.04−0.07
logB Standard
PBH
280.0± 0.1
279.0± 0.2
43.0± 0.1
42.3± 0.1
87.3± 0.2
88.7± 0.2
44.1± 0.1
40.1± 0.1
146.7± 0.2
144.8± 0.2
Table 4. Summary of the GW events analyzed with PBH-motivated priors ignoring accretion effects.
Each event is representative of a class (low/moderate mass, (a)symmetrical, (non)spinning binaries).
We show the median values of the binary parameters obtained with the standard (flat) priors on the
masses and spins adopted by the LVC and with the PBH-motivated priors neglecting accretion. The
last row presents the log Bayes factors obtained in the two cases for each event. Errors represent the
90% confidence intervals.
the priors (and anyway the new posterior is well within the 1σ contour of the standard
one), whereas the posterior distribution of the mass ratio is almost unaffected. This can be
understood by noticing that the effective spin parameter of GW150914 as measured by the
LVC is compatible with zero, so a narrow prior χeff ≈ 0 is compatible with the measurement
and does not affect the inference on the other parameters. Likewise, the chirp mass estimated
for GW150914 is well within the best-fit lognormal distribution inferred for PBHs (see Fig. 2).
Overall, for GW150914 the effect of the PBH-motivated priors without accretion is negligible.
Although we do not explicitly show the inference plots for GW170818 [1], We find very similar
results also for this system, which has the same qualitative features as GW150914.
The results of the analysis of GW170608 [78] are shown in Fig. 7. In this case we
observe three effects: (i) the standard posterior distribution of χeff is peaked slightly off
zero, although χeff ≈ 0 is still compatible with it and hence not necessarily in tension with
the negligible-spin prior; (ii) besides being more narrow as in the case of GW150914, the
mass distribution arising from the PBH prior is also peaked towards slightly smaller values
compared to the standard prior case; (iii) the combination of these effects conspires to impact
on the posterior distribution of q more significantly. In particular, the PBH priors yield a
more accurate measurement which is skewed towards larger values (median q = 0.91+0.08−0.13),
although still compatible with the standard-prior case within the errors.
In Fig. 8 we show the results for GW170729 [1].1 In this moderate-mass case the
1We note that in this case, using the standard LVC priors, we obtain posterior distributions which are
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Figure 6. Corner plot for the relevant binary BH parameters of GW150914. The posterior distribu-
tions obtained with the PBH-motivated priors without accretion for the masses and spins correspond
to the magenta contours, whereas the green curves correspond to the posterior obtained with standard
priors used in the LVC analysis. The values quoted on the one-dimensional histogram correspond to
the PBH-motivated priors.
standard analysis provides a moderate value for the median of χeff (although χeff = 0 is not
excluded) and a mass ratio which is significantly smaller than unity (although with large
uncertainties). Here, we observe the same qualitative effects as in the previous cases: namely
the PBH-motivated priors yield a slightly lower chirp mass with smaller errors, and also affect
the mass ratio which is correlated to χeff.
Finally, in Fig. 9 we present the results for GW190412, the first binary BH event pub-
lished from the O3 run [2]. This event is particularly interesting for our study because it
was confidently identified as a spinning (χeff = 0.22
+0.09
−0.11) and asymmetric (q = 0.29
+0.13
−0.07)
slightly different from those reported by the LVC. However, uncertainties for this system are large and the
inferred values significantly depend on the analysis, including the waveform model [79].
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Figure 7. Same as in Fig. 6 but for GW170608.
binary by the LVC analysis. However, these measurements rely on the standard (agnostic)
choice for the mass and the spin priors, whereas a different prior assumption might change
the qualitative nature of the inferred binary BH parameters [41, 42].
As compared to the other cases, GW190412 presents some peculiarities. Being a low-
mass binary system, its chirp mass inferred using the agnostic prior is also compatible with
the PBH-motivated priors, so the two posteriors for Mchirp as shown in Fig. 9 are very similar.
However, in this case χeff = 0 is excluded roughly at 3.3σ confidence level if one adopts the
standard flat priors on the spins. This is in tension with the PBH-motivated prior without
accretion which imposes χeff ≈ 0. Consequently, the measurement of the mass ratio is
strongly affected in order to compensate for this tension, since q and χeff are correlated in the
waveform. Specifically, the distribution of q gains support close to unity and broadens up:
while with standard priors GW190412 can be confidently identified as a strongly asymmetric
binary, the PBH-motivated priors give a distribution which is also compatible (within less
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Figure 8. Same as in Fig. 6 but for GW170729.
than 2σ confidence level) with a perfectly symmetric binary (q = 1). We expect that this is
a generic result that should apply to any binary for which the distribution of χeff (as inferred
using standard priors) is incompatible with zero. If in addition the mass of the binary is
large, there might be other effects due to different posterior distributions of Mchirp, unlike in
the case of GW190412.
Although not shown in the corner plot, one of the parameters of the waveform model
is the luminosity distance, from which the redshift of the source can be inferred. As shown
in Table 4, the redshift is almost insensitive to the different choice of the priors.
Finally, one can compute the Bayes factors for the presence of a signal against noise,
as explained in Sec. 3. These are presented in the last row of Table 4 for the GW events
considered above. Larger the value in this row, more is the preference of the data towards
that prior model. Interestingly enough, for most of the cases the Bayes factors do not disfavor
the hypothesis of the BH events being of primordial origin strongly. All events considered in
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Figure 9. Same as in Fig. 6 but for GW190412.
our analysis – with the exception of GW170608 – show a weak statistical preference for the
standard priors.
4.2 With accretion
As discussed in Sec. 2.2, an efficient phase of accretion during the cosmic history of PBHs
affects the distribution of the individual masses and spins at detection [32, 37], and also
modifies the best-fit values of a given mass function as obtained from the likelihood analysis
of the observed events under the hypothesis that the latter are of primordial origin [39].
Furthermore, in the case of accretion the spin prior distributions are correlated with those
of the masses. Thus, while it is straightforward to implement the exact prior distributions
for the masses, those of the spins are more involved. As explained in Sec. 3.3, we adopted
approximated spin distributions which account for the mass/spin correlation and are derived
by fixing the chirp mass as inferred by a standard analysis. We expect this approximation to
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be accurate as long as Mchirp does not change significantly with different prior choices, which
can be checked a posteriori and is indeed our case.
The approximated spin prior distribution can be read off the panels in Fig. 4. For
moderate-mass events (like GW150914, GW170818, and GW170729), the spin distribution
peaks always near extremality and is very narrow (being these events above the mass-
threshold for accretion), at least for small values of zcut-off. In the case of moderate accretion
(zcut-off = 15) the distribution of the spin is less extreme, but nonetheless centered around
high values and without support at small spins. This implies that the prior distribution
of χeff is broad for these systems (since the angles are unknown, see second row in Fig. 4)
and can easily accommodate any measurement. On the other hand, for light binaries (like
GW170608) accretion is always inefficient and therefore, the spin distribution is similar to
the non-accreting case, being sharply peaked at χ1,2 ≈ 0. As show in Fig. 4, the case of
GW190412 is in between these two regimes: in this case we expect that the spin distribution
should depend strongly on zcut-off: for zcut-off = 15 the spins are small as in the non-accreting
case, whereas for zcut-off = 7 the spins are moderately high with no support at χ1,2 = 0, see
also Fig. 5.
This preliminary analysis suggests that the effect of accretion can be understood by
performing the parameter estimation for GW190412 with different values of zcut-off as repre-
sentative examples. This is done in Fig. 10, where we show the usual corner plot for two
cases: zcut-off = {10, 15} (see Appendix A for the case zcut-off = 7). The PBH-motivated priors
including accretion correspond to the purple curves. For comparison, we also show the pre-
vious cases of standard agnostic priors (green curves) and of PBH-motivated priors without
accretion (magenta curves).
For zcut-off = 15 (top corner plot of Fig. 10), accretion is small and the spin prior
distributions are centered around zero (see right panels of Fig. 4 and Fig. 5 and notice that
the scale of the density function in Fig. 4 is logarithmic). Thus, in this case we observe the
same effect as in the non-accreting case. Namely, the posterior distribution of χeff is centered
around zero (although is broader than in the non-accreting case) and – as a consequence –
the mass-ratio posterior moves to higher values closer to unity, with a distribution similar to
the non-accreting PBH case.
On the other hand, already for zcut-off = 10 (bottom corner plot of Fig. 10) the effect
of accretion is much stronger: in this case the individual spin distributions are typically
high and yields a very broad distribution on χeff (see second row of Fig. 4). In this case,
the constraining power of χeff is strongly reduced, since the prior can accommodate almost
any value. Nonetheless, from the bottom panel of Fig. 10 we observe that the posterior
distribution of the mass ratio and of the effective spin are different from those obtained with
the standard agnostic priors. This is due to the peculiar prior distribution of q: strongly
accreting binaries tend to be symmetrical and therefore the priors on q are skewed towards
unity, being in tension with the measurement of q inferred for GW190412 with standard
priors. Thus, compared to the non-accreting PBH scenario (in which the posterior on q is
modified to compensate for a narrow prior on χeff which is in tension with the data), in the
strongly-accreting PBH scenario the opposite occurs: higher values of q are favored by the
priors and also χeff is
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Figure 10. Corner plot for GW190412 including the case of PBH-motivated priors with accretion.
The upper (lower) corner plot refers to zcut-off = 15 (zcut-off = 10), whereas the similar case of zcut-off = 7
is presented in Appendix A for completeness. The purple curves correspond to the accreting PBH
priors on masses and spins. For reference, the green curves correspond to standard (flat) priors,
whereas the magenta curves correspond to the non-accreting PBH scenario (see Fig. 9). For the
zcut-off = 10 case we also show the mixed case (black curves) corresponding to spin priors obtained in
the accreting scenario but with a flat agnostic prior on the masses, see discussion in the text. The
values on the 1-d histograms correspond to the case where we use the full accretion priors (purple
curves).
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modified to compensate for this difference. We expect this to be a generic feature for those
binaries identified as highly asymmetrical using agnostic priors.
To check this expectation, we have repeated the parameter estimation of GW190412
using a mixed, unphysical choice of the priors: namely, we used the accreting PBH-motivated
priors for the spins but standard (flat) priors for the masses. The result is shown in the
bottom corner plot of Fig. 10 by the black curves. In this case the posterior distribution is
very similar to the standard one, since the prior distributions are compatible with each other.
In all of the cases discussed, the posterior on Mchirp is essentially unchanged, since this
parameter is less strongly correlated with the others shown in the corner plot. Furthermore,
similarly to the non-accreting case, the redshift of the source inferred from the luminosity
distance does non change significantly with the choice of PBH-motivated priors.
Finally, the Bayes factors for GW190412 in the presence of accretion are logB = (143.4±
0.2, 144.6 ± 0.2, 145.5 ± 0.2) for zcut-off = (7, 10, 15), respectively. These are to be compared
with those obtained with standard (flat) priors (logB = 146.7±0.2) and with PBH-motivated
priors in the absence of accretion (logB = 144.8 ± 0.2), see Table 4. Overall, the Bayes
factors do not disfavor the primordial origin of GW190412 significantly, especially in the
moderately-weak accretion case. Nonetheless, it is important to stress that the Bayes factors
for the case of accretion have been calculated using the approximate priors. We caution the
reader that this could introduce a systematic error in the evidence calculation depending on
how the approximation affects the whole prior volume (compared to the case of exact priors).
However, quantifying this error would require a separate work and is beyond our scope here.
5 Conclusions
We have explored how assuming that (at least some of) the binary BH coalescences detected
so far by the LVC have a primordial (rather than astrophysical) origin affects the binary
parameters inferred through the GW data. PBHs are likely to be formed with a negligi-
ble spin and might possibly acquire some angular momentum only if an efficient phase of
accretion at the (super)Eddington rate occurs during their cosmic history [37, 39]. These
properties change the prior distributions of BH masses and spins relative to the agnostic
(flat) distributions typically adopted. We performed a full Bayesian parameter estimation
using PBH-motivated priors for some representative transient GW signals. In overall agree-
ment with previous work [40–42], our results show that the choice of the priors can affect
the measurements (and possibly the physical interpretation) of the binary BH parameters
significantly for those events in which the standard LVC measurements are in tension with
the new prior distribution, since the waveform parameters tend to ”readjust” in order to
alleviate the tension with the new priors.
Our analysis allows to draw some general conclusions:
• The chirp mass of the binary and the source redshift are almost insensitive to the choice
of a PBH-motivated priors, whereas the posterior distribution of the mass ratio and of
the effective spin can be affected significantly for some binary BH systems.
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• A prior with negligible-spin support (as suggested by the PBH scenario without accre-
tion, or by a putative astrophysical scenario in which the supernova remnant is slowly
spinning, or also if quantum effects at BH formation are relevant [43]) can strongly affect
the overall parameter estimation of those binaries identified as spinning with a standard
analysis that uses flat spin priors. In particular, at least for the cases we studied, the
posterior distribution of the mass ratio gains more support close to unity relative to the
standard case. Thus, binaries identified as (highly) spinning and (highly) asymmetri-
cal by using standard agnostic priors might actually be non-spinning and symmetrical.
Interestingly enough, for most of the events considered in this work the Bayes factor
do not strongly favor one hypothesis against the other.
• A strong phase of accretion in the PBH history yields a bimodal prior distribution of
the spin magnitudes, which is also mass- (and redshift-) dependent. Nonetheless, the
distribution of χeff is typically broad, owing to the broadness of the distribution of the
individual masses (which propagates into χeff, see Eq. (2.8)) and – most importantly –
because the spin orientations are unknown. Even if both the masses and the spin
magnitudes were known with infinite precision, the uncertainty on the spin orientations
makes the prior distribution of χeff broad, jeopardizing its constraining power in the
case of strong accretion.
• Nonetheless, in the accreting case BH binaries tend to be symmetrical, so the prior on
the mass ratio q is skewed towards unity. This might strongly affect the inference on
q (and on χeff, which is correlated to it) for those binaries identified as asymmetrical
using agnostic priors, which is the case of GW190412.
• In particular, one of the main results of our analysis is that, if GW190412 is assumed
to be of primordial origin, its mass ratio inferred from the data can be compatible with
unity.
Many qualitative aspects of our analysis are valid beyond the PBH scenario. In partic-
ular, the above conclusions for the non-accreting PBH case (in which the priors implement
the information that the PBH spins are essentially negligible) are also qualitatively valid for
other scenarios in which the binary BHs are not necessarily of primordial origin but their
spin is nonetheless small. In this case, we predict that the mass ratio of binaries identified as
spinning using standard (flat) spin priors should be strongly affected and tend more towards
unit to compensate for the absence of an effective spin term in the waveform model.
We also note that even if in the PBH scenario the physical parameters of some binaries
are different from the standard ones, they do not affect a χ2-analysis of the PBH mass
function significantly, so the analysis of Ref. [39] is not affected by our results.
Although we considered only a subset of the O1-O2-O3 LVC events, our analysis allows
us to identify the key factors which are responsible for the impact of the priors also in other
events. For example, the recent GW190814 [80] is a low-mass (with lighter companion in the
low-mass gap and therefore prone to a PBH interpretation [19]), asymmetrical, non-spinning
binary. Therefore, we expect that in this case the PBH-motivated priors should not affect
the binary parameters significantly when accretion is negligible, whereas the inferred mass
– 22 –
ratio can be compatible with unity if accretion is strong. On the other hand, if the binary
BH candidate GW190521g is confirmed as a high-mass binary [81] (with masses possibly in
the high-mass gap), almost symmetrical binary with non-negligible spin [81], we predict that
PBH-motivated priors in the absence of accretion would affect the inference on the system
mass ratio. A detailed analysis of these events, as well as all others in the upcoming O3
catalogue, is left for future work.
Another interesting extension of our work is to compare the odds of the PBH hypothesis
with those of different astrophysical scenarios, e.g. hierarchical mergers [82, 83], within the
Bayesian framework used here.
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A Parameter estimation for GW190412 in the accreting PBH scenario
with zcut-off = 7
For completeness in Fig. 11 we show the same corner plot for the posterior distributions of the
parameters of GW190412 (see Fig. 10) but for the accreting PBH scenario with zcut-off = 7.
The results of this extreme scenario (in which accretion is efficient also at relatively small
redshift) are qualitatively similar to the more likely case in which zcut-off = 10, see Fig. 10
and discussion in the main text.
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